Abstract. We review the data and models describing the production of the electrons, termed secondary electrons, that initiate the secondary and subsequent feedback avalanches required for the growth of current during breakdown and for the maintenance of low-current, cold-cathode discharges in argon. First we correlate measurements of the production of secondary electrons at metallic cathodes, i.e. the yields of electrons induced by Ar + ions, fast Ar atoms, metastable atoms and vuv photons. The yields of electrons per ion, fast atom and photon vary greatly with particle energy and surface condition. Then models of electron, ion, fast atom, excited atom and photon transport and kinetics are fitted to electrical-breakdown and low-current, discharge-maintenance data to determine the contributions of various cathode-directed species to the secondary electron production. Our model explains measured breakdown and low-current discharge voltages for Ar over a very wide range of electric field to gas density ratios E/n, i.e. 15 Td to 100 kTd. We review corrections for nonequilibrium electron motion near the cathode that apply to our local-field model of these discharges. Analytic expressions for the cross sections and reaction coefficients used by this and related models are summarized.
Introduction
This paper is concerned with the processes responsible for the production of the initial secondary or feedback electrons required for the growth of current at electrical breakdown and for the maintenance of cold-cathode discharges in Ar. These electrons are produced in collisions of Ar ions, fast Ar atoms, metastable atoms or photons with the cathode or in ionizing collisions of fast atoms or ions with the neutral Ar atoms in the gas phase. We review the published data for these processes and select the data that lead to consistency between our model and measured breakdown voltages and low-current, discharge-maintenance voltages for a wide range of operating conditions. Although our analyses make use of data obtained at low current densities, the assembled data are also appropriate for use in models of cold-cathode discharges at the higher current densities found in the normal and abnormal glow modes.
Computer models of low-pressure electrical discharges in Ar have become a very useful tool for understanding and predicting the properties of discharges used for plasma processing [1] [2] [3] [4] , surface sputtering [5, 6] , plasma displays [7, 8] , lighting [9, 10] , switching [11, 12] , scintillation detectors [13] and lasers [14, 15] . In order for these models to be quantitatively useful it is necessary for the modeller to use realistic cross sections for electron, ion, atom and photon collisions with the gas and to use realistic probabilities for electron, ion, atom and photon interactions with electrode surfaces. The cross sections and rate coefficients required for the modelling of the gas-phase portion of discharges in Ar are relatively well known. In particular, many people have addressed the question of electron-Ar cross sections [3, [16] [17] [18] [19] [20] [21] [22] [23] [24] . Some of the cross section sets in use are consistent with and some badly inconsistent with simple swarm experiments [25] . The published cross section data for Ar + -Ar and Ar-Ar elastic and inelastic collisions have been reviewed [26] . The accuracy of ion-atom cross sections by modellers has been considered recently [27] , and recommendations made for avoiding common errors in their application. Photon absorption data and experimentally verified resonance-photon scattering treatments appropriate to models of discharges in Ar are available in the literature [28, 29] .
The role of secondary electron avalanches in the electrical breakdown of gases and in low-current stationary discharges has been discussed in detail in numerous texts 0963 -0252/99/030021+24$19.50 © 1999 IOP Publishing Ltd R21 and reviews [30] [31] [32] [33] [34] [35] [36] . We will include all generations of avalanches beyond the first under the terminology of secondary or feedback avalanches. The processes that have been considered in the literature for the production of the initiating secondary electrons include electron emission from the cathode induced by positive ions, by fast atoms, by photons and by metastable atoms and molecules; collisional ionization by fast ions and atoms produced by earlier avalanches; collisional ionization by electrons backscattered from the anode and photoionization of the gas by photons from earlier avalanches. We will not consider photoionization of the Ar and will not review the data on the backscattering of electrons at the anode. For convenience, we will usually drop the qualifier 'avalanche initiating' and use the terminology 'secondary electrons'.
The emission of secondary electrons as the result of collisions of ion beams with metallic surfaces has been reviewed by a number of authors [37] [38] [39] [40] [41] [42] [43] [44] . These references contain little recent effort devoted to gas-covered, practical discharge surfaces. Almost all of the recent beam work [42, 43] has been concerned with what we will call clean surfaces, with electron emission induced by multiply charged ions and with multiple electron emission induced by a single ion. Some measurements of electrons released as the result of incident neutral atom beams have been reported [45] [46] [47] [48] [49] [50] [51] . In view of the evidence for large fluxes of energetic atoms incident on the cathode [5, [52] [53] [54] [55] of discharges it is important to model their contributions to electron production at the cathode and in the gas phase of Ar discharges.
Because of our interest in cathode surfaces found in practical devices, we consider the yields of electrons at metal surfaces that are exposed to pure gases or gases that may result in oxidation or other contaminating reactions. We will find that at Ar + energies above about 0.5 eV (E/n > 250 Td) the electron yields for cleaned metals in very pure Ar are close to the yields obtained for cleaned metals in ultra-high vacuum. Here E/n is the electric field to gas density ratio and 1 Td = 10 −21 V m 2 . We review data showing that the electron yields for metal surfaces exposed to oxidizing and/or other contaminating gases, i.e. for 'dirty surfaces', are very different than for clean metals and very pure Ar. Because of the sputtering that necessarily accompanies a cold-cathode discharge, we will attempt to correlate the very limited data on the effects of sputtering on the production of secondary electrons at metal surfaces.
Opinions regarding the role of heavy-particle collisions in the production of electrons in the electrical breakdown of gases have varied from Townsend's original proposal [30] that ion-atom collisions are the only source of negatively charged carriers (electrons) to the almost complete rejection of this idea in favour of ion-, metastable-and photon-induced electron ejection from the cathode as the source of secondary electrons [32, 33, 35] . The role of heavy-particle-induced ionization has been most extensively investigated in the case of breakdown [56] [57] [58] [59] [60] of hydrogen and the cathode fall region [61] in low-pressure hydrogen discharges. A few investigators have indicated the importance of such a process in the cathode fall [5, [61] [62] [63] . and in the breakdown [53] of low-pressure Ar. In particular, Neu [61] has performed an analysis similar to that of section 5, but for conditions appropriate to a discharge with a well developed cathode fall. Section 2 of this paper reviews and correlates measurements of electron emission by ion and atom bombardment of clean and dirty metal surfaces using beam techniques. Measurements of effective electron yields per ion for clean and dirty surfaces obtained using swarm techniques, including low-current discharges, are summarized in section 3. Relevant published photoelectric yield data are correlated and fitted in section 4. In section 5 models of breakdown in the rare gases are extended and applied to experiment so as to indicate the roles of ions, fast atoms, photons and metastables in electron production at the cathode and in the gas phase. In appendix A we review two corrections for nonequilibrium effects near the cathode that are applied to our fluid models of electrons in discharges. The specific parameters used in our model of breakdown data for Ar are given in appendix B. In this paper we will sometimes use the terminology of breakdown to refer to the conditions for both quasi-static gas breakdown and steady-state, lowcurrent gas discharges [64] .
Argon ion and atom beam results
In this section we consider measurements of the yield of electrons γ as the result of the bombardment of metallic surfaces with monoenergetic Ar + ions γ i , Ar atoms γ a and Ar metastables γ m at the low and moderate particle energies found in most discharges, i.e. below about 1000 eV.
Beam results for clean metals
In this section we review the experimental results for what are called clean metal surfaces in the gas discharge field. For high-boiling-point metals this means that the surface has been heated to ≈2000 K in a very good vacuum and that the measurements are made with the surface at room temperature and under high vacuum. Such a heat treatment is often called 'flashing. ' We are not concerned with what might be done by more thorough cleaning [65] , because there appear to be no gas discharge experiments with such surfaces. Figure 1 shows experimental electron yields for Ar + ions [46, 47, [66] [67] [68] [69] [70] [71] and Ar atoms [46, 47] incident on various clean metal surfaces as a function of particle energy. We have shown essentially all of the yield data for clean metallic surfaces that we have found for energies below about 1 keV. At higher ion energies, these data are only a sample that available [37] [38] [39] [40] [42] [43] [44] . A short summary of the cleaning procedure is given with the reference. Note that the two sets of values shown for Mo from the experiments of Vance [70] were obtained with two different high-temperature cleaning processes.
For most surfaces the electron yield per ion shown in figure 1 is nearly independent of ion energy below about 500 eV. This constant yield is attributed to an Auger process called potential ejection [37, [42] [43] [44] 68] . The energy dependent portion of the yields at above several keV is called kinetic ejection and is less clearly understood [37-40, 42, 43] . Thresholds for kinetic ejection are associated with the onset of multiple electron ejection [43, 72] . The electron yields per ion measured [73] [74] [75] [66] ; , Au, [71] ; ×, Cu, [67] ; , Pt, [69] and , Ta, [69] . The curves drawn through representative values will be used in our model. correlation of yield with atomic number [73] . The low, energy dependent yields at low energies for Ta may result from problems in cleaning [65, 69, 76] .
In contrast to the near constant yields obtained for Ar + ions at below 1 keV, the electron yield per fast Ar atom varies rapidly with energy with an effective threshold of roughly 500 eV. At high energies the yield per fast Ar atom approaches that for Ar + ions. The overall energy dependence is that expected for kinetic ejection by a projectile with no available internal energy [37] . This behaviour is similar to that for ions with low ionization potentials, but comparable mass, which show a strong energy dependence and high threshold energies [37, 42, 43, 72] .
Beam experiments in which the target is cleaned by ion sputtering have been reported [39, 44, 71, 73, 74, 77] . Experiments using sputtering followed by yield measurements at ion energies below 4 keV are shown for Au targets [71] in figure 1. Small but repeatable changes in electron yield are found [77] for 100 keV H + ions when sputtered copper is annealed at near 600 K. This is approximately the temperature at which some forms of damage produced by sputtering are observed to annihilate [39] . How these results carry over to the Ar + ions and the much lower energies of interest for discharges is not clear. For further discussion of sputtering effects see section 3.3.
Measurements of γ i using moderate current discharges are sometimes interpreted as beam experiments with clean surfaces. The crosses in figure 1 show very early results by Güntherschulze [67] in which the copper cathode was first cleaned by electron bombardment heating and the Ar + ions were obtained by operating in very low-pressure discharge. Here the uncertainties include [37] the energy of the ions reaching the cathode from the discharge. In spite of the uncertainties, these results are consistent with more recent data. Recently, Böhm and Perrin [78] •, Cu, [75] ; ♦, , Cu, [45] ; , , Ta, [80] ; ×, W, [79] ; , brass, [81] ; •, unknown, [50] and , CuBe, [51] . The solid curves are plots of the analytical yield expressions for dirty surfaces for Ar + and Ar, while the dashed curves are the representative yield curves for clean surfaces for Ar + ions and Ar atoms from figure 1.
ions from an Ar plasma-processing discharge incident on Cu that had been cleaned by exposure to a H 2 discharge. The ions are not mass identified, but are expected to be Ar + with mean energies less than 60 eV. Their γ i values of about 0.2 are about twice the beam results shown in figure 1.
Beam results for dirty surfaces
Next we show in figure 2 the experimental values of the electron yield γ i for Ar + ions [45, 49, 69, 75, 79, 80] and γ a for Ar atoms [45, [49] [50] [51] 80 ] incident on metal surfaces with varying degrees of surface exposure to oxygen [69] , to water [50] , to ambient gas [75] , or to unspecified contamination [51] . We will refer to these surfaces as 'dirty', although the terms 'practical' or 'laboratory' surfaces are sometimes used. We have shown all of the absolute yield data that we have found for energies below about 1 keV. At higher ion energies, these data are only a sample of that available [37-40, 42, 43] . At energies above about 500 eV the differences in yields among metals are small compared to the differences from the clean metal values. The solid curves of figure 2 show fits to the experimental beam data that will be used in section 5.3 for comparison with swarm data. The dashed curves are averages through the experimental data of figure 1 and show the large changes in yield that typically occur when clean surfaces become oxidized or otherwise contaminated.
The measurements for Ar + (open points) in figure 2 show that for low energies (<150 eV) there is more than a two order of magnitude spread in the yields. Some of the low-energy data [45, 81] show relatively large yields, such as those observed on exposure of the metal [68, 69] Ar + data at energies below 100 eV suggest the relatively weak dependence on ion energy characteristic of potential (Auger) [37, 42, 43, 68] ejection.
Parker [69] (Pt and Ta) and Hofer [82] (W) observed the change in γ i during exposure of the surface to oxygen. We have not found similar direct demonstrations of the increase in γ i with increasing contamination expected at Ar + energies above 300 eV. One does not know whether to attribute the energy independent or weakly energy-dependent portions of the yield to patches of clean surfaces, to reduced penetration of the Auger electrons through the contaminants, to energydependent collisional ionization of material on the surface or to other mechanisms.
The measured electron yields per incident fast Ar atom γ a shown by the solid points of figure 2 have much the same energy dependence as for fast Ar incident on clean metals, but are shifted downward in energy by about a factor of ten so that the yields at a given energy are much larger. Haugsjaa et al [49] found the yields at high energies to be somewhat larger for fast Ar than for Ar + . At very low atom energies they found structure in the yield curves for untreated surfaces that was interpreted as the result of the collisional ionization of two different adsorbed atoms. Thus, the electron yields (∼0.01 at 100 eV) are roughly consistent with the product of the surface density for a few monolayers of contaminants (∼10 18 m −2 ) and an ionization cross section for fast Ar colliding with atoms (10 −20 m −2 for Ar target). On the other hand, Kadota and Kaneko [51] did not find structure in the energy dependence of yield data at low Ar atom energies for contaminated Cu-Be. They found that for their fast atom source and incident Ar atom energies below 95 eV most of the electron yield appears to be the result of Ar metastable atoms produced in collisions of metastable Ar + ions with Ar atoms.
Metastable beam results
Beam measurements of electron emission induced by the impact of Ar metastables on metallic surfaces following a wide range of surface treatments show an apparently uncorrelated large range of electron yields [83, 84] . Hagstrum [68] showed theoretically that electron yield per Ar metastable γ m for clean metals, such W and Mo, should be the same as for the ions, i.e. the metastable is ionized near the surface and the ion ejects an electron by the Auger process. A review of experimental data [83] gives values for near thermal impact energies from 0.02 to 0.4, although measured yields for freshly flashed surfaces are close to the values for Ar + . The measured [85] energy dependence for Ar metastables incident on Cu-Be exposed to O 2 at incident energies from 250 to 600 eV is the same as that shown for ground state atoms in figure 2. Data for CuBeO contaminated by alkali vapours [86] shows a similar yield at energies above 500 eV, but is much higher at the lower energies. The change in electron yield with Ar metastable kinetic energy for other clean or dirty surfaces is unknown. A significant increase in yield with surface temperature has been observed [84] .
If the production of electrons by metastable impact on metallic surfaces is regarded as a form of Penning ionization [83] , then it may be instructive to note the energy dependence of the gas-phase process. The only potentially relevant data sets we have found are that for Ar metastables [86] colliding with O 2 , where the cross section increases by an order of magnitude between 10 and 500 eV and that for Ar metastables [87] colliding with Na, where the cross section decreases by an order of magnitude between 0.01 and 10 eV. As for fast Ar atoms, the electron yields for Ar metastables are very roughly consistent with the probability of an ionizing collision of an Ar metastable with a column density of contaminant equal to that of a monolayer of gas.
Swarm experiment results
In this section we review and analyse the available data for the effective electron yield per Ar ion as determined from pre-breakdown, breakdown and low-current discharge measurements. These will be collectively referred to as swarm measurements. For most of the data discussed in this section we adopt the long-standing convention [32, 33] of expressing the results of breakdown experiments as an effective yield per ion γ eff . This convention can be regarded as a convenient bookkeeping procedure because, as we will see, the Ar + ion is often not the principal source of electron emission from the cathode of an Ar discharge and is never dominant for Ar at low E/n for any surface of interest here. The convenience of γ eff results from the simplicity of the model used to interpret breakdown and low-current discharge data, from the relatively high accuracy attributed to the ionization coefficient data used in the data reduction, from the rough correlation between the γ eff ion and the true electron yields per incident particle and the relatively high sensitivity of γ eff to changes in electron yield mechanisms compared to the sensitivity of the breakdown voltage.
Interpretation of swarm results
The model used to obtain γ eff from measurement of the steady-state current resulting from photoelectrons released from the cathode requires the fitting of an expression for the current as a function of the electrode spacing or gas density at fixed E/n. This procedure has been investigated by many authors [30-33, 35, 88, 89] . The model assumes that only Ar + ions produce electrons at the cathode and that only electrons ionize Ar to produce electrons. The current i for electrode separations d greater than d 0 is
Here i 0 is the photoelectric current in vacuum, α ei is the spatial (Townsend) 
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The model used to convert electrical breakdown data to γ eff data is the steady-state electron avalanche model known as the Townsend model in numerous texts [31] [32] [33] [34] 89] . As discussed in some of our earlier papers [64, 90] , a second source of such data is the maintenance voltage for a low-current discharge. Here the catastrophic current growth characteristic of breakdown is prevented by a large external circuit resistor. The breakdown and low-current maintenance condition is obtained by setting the denominator of equation (1) equal to zero. Solving for γ eff gives
When applying equation (2) for conditions such that the ionization coefficient for ion-atom collisions α ii is comparable with α ei , the interpretation of γ eff is complicated by departures from the usual exponential growth of the current versus distance [91] . Failure to allow for the possibility of comparable electron-and ion-induced ionization coefficients has led to much debate and misleading conclusions in the literature [30, 31] . The model used to obtain secondary electron yields from transient measurements of the current resulting from a pulse of electrons released from the cathode or in the gap at voltages below that required for breakdown varies with the dominant electron production process at the cathode and therefore with time scale of the experiments. In general, the techniques involve separating the initial electron avalanche from the delayed electron and/or ion current. The results of these experiments are expressed in terms of the electron yields for individual processes, e.g., γ i . Hornbeck [92] and Varney [93] were concerned with electrons produced by Ar + and Ar + 2 , while Engstrom and Huxford [94] and Molnar [95] were primarily concerned with electron production by metastable Ar atoms. See the original papers for the details. Note that these techniques do not appear to have been applied to what we call dirty metal cathodes. Also, transient techniques do not appear to have been used to separate the contributions of ion-induced electron emission from the cathode and ion-atom collisional ionization to avalanche initiation.
A variant of the transient technique uses optical pumping to change the relative populations of the metastable and resonance states. The only application of this approach to Ar appears to be Molnar's use of discharge illumination to determine the relative electron yields for metastables and photons [95] . See section 4 for results. Laser-induced pumping has been used for determining dominant cathode processes for Ne discharges, but no electron yield data were obtained [96] .
An area of recent interest in which equation (1) is applicable is that of scintillation detectors [97] that usually operate at very low E/n and high pressures. Of particular interest here are experiments [98, 99] 
Here γ ph and α ph are the photoelectric yield and effective excitation coefficient for the dominant photon as discussed (3) shows that the high-pressure breakdown condition, i.e. the denominator equals zero, allows one to determine the product of γ ph and α ph without knowing α ei . As discussed in appendix B, the total excitation coefficient α ph /n is very nearly equal to E/n divided by the excitation energy over a wide E/n range. Therefore, the voltage required for breakdown is inversely proportional to γ ph . This behaviour is in contrast to the logarithmic dependence of breakdown voltage on γ i at the higher E/n where the exponential terms of equation (1) are dominant. From equation (3) and our lack of independent knowledge of γ eff , we conclude that determining α ei from steady-state swarm data at very low E/n will be very difficult.
Swarm results for clean metals
The solid points of figure 3 show electron yields per Ar + ion γ i incident on various clean metal surfaces versus E/n from swarm experiments. These data were obtained using the pre-breakdown transient techniques [93, 95, 100] . Most of these experiments used cleaning of the electrodes by heating at high temperatures. They also used getters of chemically active metals sputtered or evaporated onto the tube walls to keep the gases clean [101] . These authors separated the ioninduced emission from the metastable and photon effects so that the yield values shown by the solid points in figure 3 are γ i values. In these experiments the γ i values are very nearly equal to the γ eff values.
The dashed line of figure 3 shows the γ i results of beam experiments from figure 1 with the ion energy to E/n conversion discussed in appendix B. Because of the relatively low ion and fast atom energies at the E/n of these experiments, i.e. ion temperatures [26] of less than 2 eV, the yield of electrons produced at these clean surfaces by fast atoms is negligible. See figure 1. The solid curve of figure 3 shows γ eff values calculated using the model to be discussed in section 5 and the γ i values from figure 1.
The electron yields per ion γ i determined from prebreakdown data for clean Mo surfaces for E/n from 300 to 1500 Td shown in figure 3 are in good agreement with the beam results shown in figure 1. Note that the three different experiments show a significant decrease in γ i for E/n less than 250 Td, i.e. for calculated Ar + ion energies less than about 0.5 eV. According to the model of section 5, this qualitative behaviour is consistent with the loss of Ar + by conversion to Ar + 2 ions and with a reduced electron yield per ion for Ar + 2 . However, the E/n of the observed transition is higher than predicted by the model of section 5 by a factor of about 2.5 and the pressures are too low by roughly two orders of magnitude. An unexplored possibility is that the Ar + ions have difficulty penetrating an adsorbed gas layer at low ion energies. The possibility that associative ionization in Ar * +Ar → Ar + 2 + e collisions [102] becomes the dominant source of ions at these E/n seems ruled out by the estimates of the contribution of this process by Puech and Torchin [17] . Also, the highest-pressure mass spectrometer data available [103] appears to suggest a transition to Ar + 2 at pressures significantly higher than those corresponding to breakdown at E/n near 250 Td, i.e. roughly 1.5 Torr.
Electron yields per Ar metastable atom for clean metals have been determined by Molnar [95] 
Swarm results for sputtered metal surfaces
In this section we note a potentially significant correlation among γ i values for various sputtered surfaces, i.e. for unannealed surfaces the γ i values decrease with successive sputtering cycles. This topic takes on added importance with the recent interest in the modelling of sputtering discharges [5, 6] and other discharges operating at high current densities [2, 4, 9, 10] .
The extreme γ eff values determined by Kruithof [88] for Ar + incident on Cu shown by the open points in figure 3 were obtained by analyses of pre-breakdown, steady-state current growth data after various intense sputtering treatments of the cathode using Ne discharges with no flashing. These data are shown as γ i values because ion-induced electron emission is expected to be dominant for clean metals at these E/n. Of particular interest is the decrease in averaged γ i values with successive sputtering periods.
These results are to be compared with those of Varney [93] in which repeated cleaning of Mo by sputtering and flashing consistently gave the results shown by the solid inverted triangles in figure 3 . These values equal those obtained with flashing alone. Similarly, reproducible cathode fall voltages in Ne were obtained following discharge sputtering of Mo at high cathode temperatures [101] .
The annealing temperature and duration required for a significant change in γ i for heavily sputtered surfaces and Ar + energies of interest for discharges is unknown. A small decrease in γ i is observed [77] for 10 keV Ar + incident on sputtered Cu when the surface is annealed at 200-300
• C. The changes in γ i with intense sputtering are qualitatively consistent with the changes observed [39, 104, 105] in surface morphology.
Swarm results for dirty metals
The swarm results for dirty metal surfaces are presented in two different formats in order to make better contact with previous work.
Firstly, we show in figure 4 measured breakdown [88, [106] [107] [108] [109] [110] [111] [112] and low-current discharge-maintenance voltages [90, 113, 114] as a function of the product of pressure and electrode spacing pd, in what is known as the Paschen curve [32, 33, 35, 88, 89] . Later, we reformulate these data so as to emphasize the production of secondary electrons. Generally speaking, the rise in breakdown voltage at high pd in figure 4 is attributed to a decrease in the ionization coefficient with decreasing E/n and decreasing electron energy. The rise at low pd is attributed to the difficulty in building up an electron avalanche when the number of collisions between electrons and the gas in crossing the gap is small. Some authors [32, 33] have attempted to relate these breakdown data directly to the electron yield at the cathode. The solid, dashed and chain curves of figures 4 and 5 are the results of the model presented in section 5 and will be discussed there. It should be kept in mind that for many of these experiments and all of our model results plotted, the electrode separation d is 1 cm, so that the numerical values of pd are equal to the Ar pressure p in Torr.
In order to establish more closely the connection between breakdown data and electron production at the cathode, we show in figure 5 the effective yield of electrons per Ar + ion reaching the cathode γ eff . The points of figure 5 show breakdown results [88, [106] [107] [108] [109] [110] [111] [112] and low-current discharge results [90, 109, 113, 114] for γ eff determined using equation (2) . The pd values shown vary from 0.1 Torr cm at the highest [90, 111, 112 ] E/n to 2000 Torr cm at the lowest [107] [108] [109] E/n, corresponding to pressures from 0.1 Torr to about 760 Torr. As will be shown in section 5, the very large values of γ eff at E/n 100 Td reflect the fact that at low E/n there are many vuv photons produced per ion by electron collisions with Ar. The large values of γ eff at E/n 3000 Td result from the combination of an increasing electron yield per ion and the ionization produced by Ar + ion and fast Ar atom collisions with Ar. Figure 6 shows (open points) photoelectric yield γ ph versus wavelength for Au, Cu and Pt from the review by Weissler [115] for untreated and flashed metal surfaces. Also shown (solid and dotted points) are the results for untreated surfaces by Cairns and Samson [116] and others [115, 117, 118] . , Cu, [88] ; •, brass, [107] ; , Cu, [108] ; ♦, Ni, [109] ; ∇, Au, [90] ; ×, Steel, [168] ; +, Cu, [169] ; , Au, [110] ; , SS, [169] and , SS, [112] . Low-current discharge maintenance voltages are
Photoelectric yields
shown by •, Au, [90] . , Cu, [113] . , Cu, [114] . The dashed and solid curves show the results of application of the full model of section 5. The chain curve shows the predictions when only Ar + ions contribute to the production of secondary electrons. Effective electron yield per ion Figure 5 . Effective electron yields per Ar + ion incident on various dirty metal surfaces versus E/n. These γ eff are calculated from breakdown and discharge operating voltages assuming that only Ar + ions produce secondary electrons. The values are often very different from the true electron yield per ion. The symbols, cathode metals and references for the breakdown data are: , Ni, [106] ; , Cu, [88] ; •, brass, [107] ; , Cu, [108] ; ♦, Ni, [109] ; ×, Steel, [168] ; +, Cu, [169] ; , Au, [110] ; , SS, [111] ; , SS, [112] and , Cu, [114] . Effective yields from low-current discharge data are shown by •, Au, [90] . The dashed and solid curves show the results of application of the model of section 5.
The triangles are for evaporated Cu films [119] . Data (+) for untreated Cu and steel surfaces are available [120] for wavelengths from 150 to 180 nm. Recently pulsed lasers [115] . The points with central dots are for untreated surfaces from [116] . The circles, diamonds and squares are for Au, Cu and Pt, respectively. The inverted triangles are for Cu films from [119] . The crosses are for Cu surfaces treated by laser irradiation from [120] .
have been used to 'activate' (clean?) metallic surfaces and to determine the photoelectric yields shown by crosses (×) [121] . We have fitted an empirical expression to the γ ph data for heat-treated Au surfaces, i.e.
where the wavelength λ is in nm. This expression has been chosen to decrease with decreasing wavelength as do the more recent experiments [116] . For untreated Cu the yield falls off much more rapidly with increasing wavelength than for treated Au, corresponding to an apparent higher-energy photoelectric threshold. On the other hand, the photoelectric yield is systematically larger for untreated surfaces than for treated surfaces at below about 130 nm. Our empirical expression for untreated Cu is
The results for other metals, e.g., W (not shown), are generally similar in shape, although varying somewhat in magnitude [115, 117, 118] . The wavelengths of the Ar resonance lines are indicated by vertical lines, with the 106.7 line being the one used in our breakdown model in section 5.
The spectral feature (continuum I) near 110 nm occurs at essentially the same wavelength. Also indicated by vertical lines is the wavelength of the molecular Ar 2 band designated continuum II near 127 nm in the model of section 5. We note that the photoelectron yield for the resonance lines and for continuum I is about three times that for continuum II. We will find in section 5.3 that the γ ph values shown in figure 6 for R27 untreated surfaces are larger than the values required to fit all but the largest experimental γ eff results.
The applicability of the photoelectric yield measurements made in vacuum to gas-covered metal surfaces is critical to our analysis. The only absolute yield data we have found for metal surfaces exposed to Ar are those of Molnar [95] for flashed Mo and Ta and incident Ar resonance radiation. He found photoelectric yields about a factor of three lower than the solid curve of figure 6. On the other hand, several authors [100, 122] appear to find no evidence of change in photocurrent when Ar gas is removed from and readmitted to their apparatus.
Modelling the effective yield data
In this section we present a model of the Ar + , fast Ar, metastable and photon transport and reactions in lowcurrent, uniform-electric-field discharges in Ar. The model will be used with the electron yield data of figures 1, 2 and 6 and, with adjustments to that yield data, to calculate γ eff for comparison with the wide range of experimental data presented in figures 3 and 5. The model includes the relevant features of the steady-state limit of the model of ion, metastable atom and resonancephoton transport and of excited-state reactions developed in [123] . 
Details of model
In this section we develop a mostly analytic, approximate model to describe the steady-state fluxes of electrons, Ar + ions, fast Ar atoms, metastable atoms and resonance photons in a spatially uniform electric field. This model can be used to predict the role of these processes in steady-state-breakdown, optical-emission and current-growth experiments.
The assumptions of the model are that: (a) The electron flux density leaving the cathode is determined by
Here e , i , i2 , a and ph are the flux densities of electrons, Ar + , Ar + 2 , fast Ar and photons evaluated at the cathode at z = 0; f es is the fractional escape of electrons emitted from the cathode into the gas and γ i2 is the electron yield per ion for Ar + 2 . The γ ph ph term is actually a sum over the various lines and bands making up the photon flux reaching the cathode.
(b) The spatial growth of the electron flux is described by a fluid model in which a spatially constant spatial ionization (Townsend) coefficient is determined by the spatially independent E/n. At moderate and low E/n this is a good approximation for most of the gap. See appendix A. At very high E/n this constant ionization rate replaces our previous approximation to the nonequilibrium behaviour of the electrons [124] in which the electron energy and subsequent ionization rate are determined by the solution of an electron energy-balance equation, i.e. equation (3) of [53] . The present assumption is justified by emission experiments [125] and Monte Carlo solutions [125, 126] that yield an approximately exponential growth of electron flux and electron excitation with distance even at very high E/n.
The differential equation for the electron flux is
Here α ei , α ii , α ai are the spatial (Townsend-like) coefficients for ionization of Ar by electrons, by Ar + and by fast Ar; and z is the distance measured from the cathode. The values of the E/n-dependent α x coefficients are discussed in appendix B. At E/n < 3000 Td only electron impact ionization of Ar is important and equation (7) reduces to equation (12) of [123] in the limit of α 1 = α ei , β = 0 and λ = 0. Electron loss processes such as electron-ion recombination and electron production processes such as electron-excited atom collisions can be neglected for the low current densities of interest here. Because of the low currents we have neglected space-charge distortion of the electric field.
(c) The Ar + flux decreases as one moves away from the cathode, i.e. it increases with distance from the anode, as the result of ionization of Ar by electrons, Ar + and fast Ar so that
The ion energy distribution is assumed to be a onedimensional Maxwellian with a 'temperature' T + determined by the E/n and the charge transfer cross section [27, 127] . Inelastic Ar + -Ar collisions are assumed negligible compared to charge transfer collisions. We neglect the deviations from the theoretical ion energy distributions found [128] at high ion energies and high E/n.
The ionization coefficients α xi in equations (7) and (8) and the ion-induced excitation coefficients are averages of the corresponding cross section over the ion-energy distribution [53] . Formulae for these coefficients are given in appendix B.
Very few ions are expected to be emitted from the anode as the result of electron bombardment [129] . As in [53] , we can approximate the ionization produced near the anode by backscattered and reflected electrons [130] by using a finite Ar + flux as the boundary condition at the anode, i.e.,
In this model we neglect the production of Ar + 2 in three-body collisions and its dissociation in collisions with Ar. This simplification is possible because γ i2 i2 /γ i i is predicted to be significant only at E/n < 100 Td where photons are the dominant source of secondary electrons [131] . To take this low E/n process into account one would use relations such as equation (13) of [123] .
(e) The production of fast Ar flux is by symmetric charge transfer collisions of Ar + with Ar. We assume that these fast atoms have the same energy and direction as the ions. We assume that once the fast atom has an energy-loss collision, i.e. an elastic viscosity collision [27] or an inelastic collision, it is effectively thermalized. Use of these approximations has been found to give rather good agreement with observed emission distributions [53, 54] and with Monte Carlo models in most cases tested [126] . It would appear that the neglect of angular scattering leading to too few collisions in the model roughly compensates for the too-rapid loss of fast atoms at every elastic viscosity collision. The resultant fast-atom flux equation is
Here α ct , α aa , α ar and α am are the spatial reaction coefficients for symmetric charge transfer, elastic viscosity collisions, resonance state excitation and metastable state excitation collisions. Analytic formulas for these coefficients are given in appendix B.
(f) Our model for the excited states of Ar near 11.5 eV is a simplification that is only intended to predict the fluxes of metastables and uv radiation that reach the cathode in our steady-state breakdown and low-current discharge experiments. We replace the two resonance states by the lower resonance state (4s 3 P 1 ) and replace the two metastable states by the lower metastable state (4s 3 P 2 ) [132]. The total excitation rates for the two resonance levels [17] are assigned to the model resonance state. Similarly, for the metastable states.
We assume that the molecular states associated with each of the lower two atomic states [133] are formed in three-body collisions of the excited atom with two Ar atoms with the measured rate coefficients [134] . The vibrationally excited molecules are assumed to relax immediately to their ground vibrational states. We neglect collisional coupling between the resonance and metastable states and between the molecular states. All of the excited Ar 2 molecules relaxing to the lower vibrational states are assumed to radiate in the 127 nm band designated continuum II, [133] , i.e. their quenching is neglected. In this model, the observed continuum I near 110 nm is absorbed into the wings of the resonance line.
This very much simplified four-level model is intermediate in complexity between the afterglow models of Millet et al [134] and of Bretagne et al [14] . A critical advantage of this simple model is that, knowing the rates of production by electrons, ions and fast atoms, we can solve for the metastable atom and resonance-photon fluxes independently. We have compared the steady-state predictions of this four-level model with those of a model [135] with four atomic levels and four molecular levels when the electron excitation is nearly independent of position as at high Ar pressures [109] . For high-purity Ar ( 0.999 99) the difference between the photoelectric flux leaving the cathode estimated using the four-level and eight-level models peaks at ≈20% for pressures near 10 Torr, where resonance radiation
(g) Our treatment of resonance excitation is based directly on the model of [123] , as verified for Ar in the current growth experiments by Menes [108] . The basic equation governing the steady-state density of excited atoms in the resonance state is [28] a 2 exp(s 2 z) + a 3 exp(s 3 z) .
Here n r (z) is the resonance atom density, A r is the radiative transition probability, q is the frequency of molecule formation collisions and K(|z − z |) is the radiative transmission kernel. The right-hand side is the resonance state collisional production rate due to electron-Ar atom collisions α er , fast Ar-Ar atom collisions α ar and ion-Ar atom collisions α ir . Here s 1 = 0, s 2 and s 3 are the roots of the third order determinant of the system of equations found by taking the Laplace transforms of equations (7)- (9) and a 1 , a 2 and a 3 are the respective algebraic coefficients for the components of the resonance state production. The expressions used for the α xr /n for resonance state excitation by electrons, ions and atoms are given in appendix B.
Absorption measurements [136] show that the theoretical dipole-dipole resonance line profile used in this model should be valid for d ∼ 1 cm and p 200 Torr. At higher pressures the calculated excess absorption in the red wing will be partially offset by the collision-induced radiation effects [134] . Also, at 200 Torr collisional conversion to the radiating molecules dominates resonance radiation transport, i.e. q considerably exceeds the effective resonance state lifetime A I from [123] .
The resonance photon flux reaching the cathode rph is [28] 
Rather than solve equations (10) and (11) numerically we have made use of the solutions obtained in [123] . When the exponential terms increase toward the anode, i.e. negative values of s 2 and s 3 , the resultant resonance atom density terms have a spatial dependence such as shown in figure 1 of that reference. The resonance flux transmitted to the cathode is that described in connection with figure 2 and equation (25).
For an exponentially decreasing source term, the distance scale in figure 1 is reversed and equation (25) [14, 95, 123, 134] that is produced by electron, ion and fast-atom excitation of Ar. Metastable atoms are lost by diffusion to infinite parallel-plane electrodes, by collisioninduced emission and by three-body collisional conversion to radiating molecules. The steady-state metastable rate equation is
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Here [123] . The photoelectric yields at 110 nm from equations (4) and (5) essentially equals that for 106.6 nm.
At the pressures for which this process is important, i.e. 10 Torr, the Ar is optically thin [136] . At higher pressures the excitation reaches the electrodes via by molecule formation, vibrational relaxation and radiation of continuum II.
(j) Equations (7)- (9) can be solved independently of the equations governing resonance atoms and the products of resonance atom collisions with Ar. We have done this analytically using the Laplace transform technique [137] . The results for the electrons, ions and fast atom fluxes at the cathode are:
where α a = α ai + α ap + α aq and α i = α ii + α ct . The roots of the determinant for equations (7)-(9) are 0 and
The source terms for the production of metastables and resonance atoms resulting from equations (13)- (15) to growth toward the cathode resulting from heavy-particle excitation and ionization.
(k) The resultant flux equations for metastables and for the resonance photons are much too complicated to publish, but are available on request [138] . Instead we show representative solutions for the metastable and resonance state densities in figures 7 and 8. These figures will be discussed in section 5.2.
(l) The radial losses of all species are neglected in our one-dimensional model. The lateral losses of charge particles and of fast atoms will be small because of their high axial energies. For nonresonant photons and the experiments cited here the solid angle of the cathode from the centre of the anode is from 60 to 70% of that for infinite parallel planes. The effects of the decrease of the solid angle for photons emitted off axis is expected to be reduced because of the Bessel function distribution of current density in the fundamental diffusion mode [139] . We will use 0.3 for the fraction of the nonresonant photons reaching the cathode. The effects of a finite tube radius on the transport of resonance excitation appears to be small for typical discharge electrodes [140] .
(m) The quasi-static breakdown and low-current discharge maintenance condition is that the sum of the fluxes of electrons produced at the cathode by the various incident species is equal to the flux of electrons leaving the cathode, i.e. that the electron flux given by equation (6) equals that given by equation (13) evaluated at the cathode. Formulation and the numerical solution of the very complex algebraic equations for this model were carried out on a personal computer [137] . The numerical solutions were obtained by assuming a value of E/n, using analytic forms for the collision coefficients and yields from appendix B, assuming an electrode spacing d and solving iteratively for the value of p, i.e. the eigenvalue, that satisfied the breakdown and low-current discharge condition. While Monte Carlo (MC) techniques for solution of the particle and photon fluxes [3, 5-7, 22, 126, 141] would avoid complex algebra and allow fewer assumptions, the number of MC calculations would be large and time consuming [142] .
Tests for the contributions of the corrections for nonequilibrium effects at the cathode, i.e. electron backscattered to the cathode and delay in the onset of ionization, were made in the present analyses. See appendix A for the backscattering correction used. The effects of the delays in the onset of ionization on the derived γ eff were small enough compared to the uncertainties in the electron yields so that they were not included in the final analyses.
Application of model to clean surfaces
The results of applying the model just described to the calculation of conditions for breakdown and pre-breakdown for clean metal cathodes are presented in figures 7-10. Because of the very limited range of E/n for which experimental γ eff data for clean surfaces is available, we have used the electron yield data estimated from the beam experiments and listed in appendix B without adjustment. Also, we have simplified the model by neglecting electron reflection at the anode. 2 (nD m )/n is the fundamental-mode, diffusion-loss frequency for metastables. For breakdown or a low-current discharge at E/n = 50 Td, the model gives pd = 63 Torr cm and the spatial distributions in figure 7 . The electron flux grows exponentially with distance from the cathode, while the Ar + and fast Ar atom fluxes increase toward the cathode from zero at the anode. The electron flux is normalized to unity at the anode. In this low-E/n case the ion and fast atom temperatures are less than 0.1 eV. As a result of production by electrons only and a loss dominated by collisions, the metastable atom density n m (z) grows exponentially with distance except very close to the electrodes. Because of radiation transport, there are significant departures from an exponential growth for the resonance atom density n r (z), just as shown in figure 1 of [123] .
For the very high E/n of 20 kTd, the calculations for a clean cathode give pd = 0.17 Torr cm and the spatial distributions shown in figure 8 . The calculated e (z) curve shows significant departures from exponential growth because of ionization by Ar + ions and fast Ar atoms produced by charge transfer from Ar + . In this high-E/n case the ion and fast atom temperatures are about 50 eV. The heavyparticle collisions also result in a continued growth of ion and fast atom fluxes as one approaches the cathode rather than the saturation seen in figure 7 at low E/n. The excitation by heavy particles near the cathode and electrons near the anode results in a relatively flat resonance state density. The excitation by fast atoms and electrons and the large diffusion loss of metastables at low pressures combine to give an n m (z) profile that is roughly a sinusoid that is shifted toward the cathode rather than the anode.
We next consider what we call 'limiting cases' of γ eff as a function of E/n resulting from models in which specific cathode directed particles or photons are assumed to produce all of the 'secondary' electrons required to cause breakdown or to maintain the discharge. The solid curve in figure 3 and repeated in figure 9 , shows the calculated γ eff when all processes are included in the model. The short-dashed curve labelled γ i in figure 9 gives the values of γ eff obtained when γ i was set to a value of 0.07 and all of the other yields and the heavy-particle collision cross sections were set to zero [143] . As expected, the short-dashed curve agrees with the assumed γ i value for E/n > 1000 Td, but drops below γ i for E/n < 1000 Td because of the effects of electron backscattering to the cathode. See appendix A. The long-dashed curve shows the γ eff values calculated when only photoelectric production of electrons at the cathode is included in the model. Here we use the photoelectric yield given by equation (4) . Although no experimental γ eff data are available for clean metals at E/n 50 Td, the model shows that photoelectric processes determine the γ eff values. At high E/n the calculated γ eff values and breakdown voltages are determined by secondary electron production by heavy particle ionization, rather than by secondary electron production at the cathode. The curves labelled γ m and γ a in figure 9 show that the calculated γ eff values are small when only metastable atoms or fast atoms produce secondary electrons.
Although the curves of γ eff presented in figure 9 show which secondary electron production processes are dominant at various E/n, they do not show the contributions of . Calculated effective electron yields versus E/n for clean surfaces. The curves are calculated for various limiting assumptions for the electron yields at the cathode and by heavy-particle ionization and excitation using electron yields from appendix B. The labels of the various curves are: γ i , Ar ion-induced electrons at the cathode with no heavy-particle excitation or ionization; γ a , Ar fast-atom-induced electrons at cathode with no heavy-particle excitation or ionization; heavy-particle ionization with no electron production at cathode; γ ph , vuv-photon-induced electrons at cathode with heavy-particle excitation of resonance atoms; γ m , Ar metastable induced electrons at cathode with heavy-particle excitation of metastables, and all processes, all cathode emission and heavy-particle ionization and excitation processes.
various electron production processes at the cathode. These contributions are indicated by curves of figure 10 for the clean surfaces of figures 3 and 9. We see that Ar + ions are the dominant source of electrons at the cathode for E/n 60 Td. Resonance photons produce most of the electrons needed for breakdown for E/n near 40 Td for a clean cathode. At lower E/n the nonresonant vuv photons emitted by excited Ar 2 formed from resonance atoms and metastables, i.e. Continua I and II, are dominant. Because of the importance of heavyparticle ionization, the curves of figure 10 should not be interpreted as showing that the production of avalancheinitiating electrons at high E/n is dominated by ion impact on the cathode.
Application of model to dirty surfaces
The results of applying the models of section 5.1 to the calculation of conditions for breakdown and for low-current discharge maintenance for dirty surfaces are presented in figures 4, 5, 11 and 12. The spatial distributions of fluxes and excited state densities for E/n of 50 Td and 20 kTd are not shown, as they are very nearly the same as those presented for clean cathodes in figures 7 and 8.
Comparison with experiments.
The results of the model are compared with experiment in figures 4 and 5. Here the solid and short-dashed curves are calculated using all of the surface and volume secondary electron production processes of our model. The short-dashed curves are calculated using the γ i from the solid curve of figure 2 and γ ph from the dashed curve for untreated surfaces from figure 6. The solid curves are calculated using 10% of the photoelectric yield γ ph shown by the dashed curve of figure 6. The chain curves are calculated using γ i = 0.07, as used in several recent low-current models [22, 139] . In this case, all other γ values and heavy-particle ionization rates are set to zero.
At large pd the calculated voltages of figure 4 are nearly coincident for all three of these models. The small spread of voltages at fixed pd arises from the rapid decrease in α i /n Figure 11 . Calculated effective electron yields versus E/n for dirty surfaces. The curves are calculated for various limiting assumptions for the electron yields at the cathode and by heavy-particle ionization and excitation using our best estimates of these electron yields from figure 1 and the model of section 5. The labelling of the curves is the same as in figure 9 except that the two curves labelled all processes are calculated for γ i and γ ph values based on two different approximations to the data of figures 5 and 6. See text for details. Figure 12 . Calculated fractional contributions of various processes to electron production at the cathode for Ar at breakdown for dirty surfaces. The model is that of section 5 using the parameters discussed in appendix B. The labels attached to the curves indicate the electron production process.
with decreasing E/n. If these data are replotted as a function of E/n they cover a wide range of breakdown voltage or pd values. When converted to γ eff , as shown in figure 5 , the data at fixed E/n are spread over more than an order of magnitude. The comparison of the solid and dashed curves with the points of figure 5 leads to the conclusion that the γ ph values to be used in our model range from the values shown for untreated surfaces in figure 6 to more than an order of magnitude smaller. Unfortunately, there is a large uncertainty at very low E/n in the α ei /n values used to calculate γ eff from experimental breakdown and discharge maintenance data.
This uncertainty is evidenced by the differences in α ei /n reported by several groups [88, 109, 144] i.e. the diverging γ eff values shown in figure 4 of Golden and Fisher [109] . The lower set of γ eff values from this reference is the result of our analyses of their breakdown voltage data and the upper set is from their fitting of equation (1) to current growth data.
An alternate approach at very low E/n is to use equation (3) to analyse data such as those of figure 3 of Golden and Fisher [109] .
If the fraction of the metastable and resonance state excitation converted into continuum II photons is constant over the pressure range of the experiment, equation (3) shows that at constant E/n the quantity (1 − f es I 0 /I ) is a linear function of pressure. The experimental data of figure 3 of [109] fit this expression very well and yield the product f es α ph γ ph /p = 0.0013 Torr −1 . Using our values of α ph and f es and equation (B28) for the fraction of photons reaching the cathode, we find γ ph = 0.006. This photoelectric yield is about a factor of three smaller than we expect from figure 6. In this experiment, the effects of known impurities [109] are estimated to reduce the vuv emission by less than a factor of two. How much more of the discrepancy can be attributed to impurities is unknown. In principle, equation (3) should apply to steady-state experiments under many scintillation detector conditions, e.g., the normalized current data of figure 4 of [99] .
At pd ≈ 0.07 Torr cm and E/n ≈ 1000 Td, the assumption of γ i = 0.07 (chain curve) leads to much too small a breakdown voltage and to much too large γ eff values. This comparison also shows that although our adjusted γ i values are roughly constant for ion energies between 10 and 100 eV in figure 2, the decrease in γ i at lower energies is crucial to the fit to experiment. At pd near 0.03 Torr cm, the calculated V versus pd curve (chain curve) for γ i = 0.07 becomes nearly vertical. This behaviour is the result of a maximum in α ei /n versus E/n. We see from this example that the assumption of constant γ i or constant γ eff , common in many current Ar discharge models, [5-8, 12, 14, 15, 22, 141] , is a poor approximation.
At the high E/n where heavy-particle collisions are important, the model results shown in figures 4 and 5 are in satisfactory agreement with the badly scattered data. The inclusion of ionization by electrons backscattered from the anode would lower the breakdown voltage and raise the γ eff values. It remains to be seen whether a better model of ion and fast atom motion, i.e. a Monte Carlo model incorporating angular scattering and elastic energy loss by heavy particles [5, 126, 141] and electron backscattering, will significantly change the comparisons with experiment.
As indicated in equation (3) and in the equations in [123] , the photoelectric feedback term appears as a product of the photoelectric yield and the effective vuv excitation coefficient. Therefore an increase in photoelectric yield to the expected values could be compensated for by a decrease in effective excitation coefficient caused by errors in our kinetics model. We have not found useful measurements of the vuv emission efficiency for Ar that test the model. Finally, including the delay in the onset of ionization near the cathode, as discussed in appendix A, changes the calculated γ eff values by amounts much less than the scatter in the experimental data.
Importance of various processes.
The discussions of the relative importance of the various process in this section for dirty surfaces are similar to those for clean surfaces in section 5.2. We will therefore emphasize the differences. The values of the coefficients used are from the appendices or from section 4.
In figure 11 we show γ eff values for dirty surfaces when we limit the kinds of cathode directed particle or photon that produce secondary electrons. The dotted curve labelled γ i gives the values of γ eff obtained when the γ i was set equal to the values given by the solid curve labelled Ar + in figure 2 and then averaged over the one-dimensional energy distribution of Ar + energies. Other secondary processes were omitted. For E/n > 1000 Td this curve agrees with the assumed average γ i , but is lower for E/n < 500 Td because of electron backscattering to the cathode. Comparison of the dotted curve of figure 11 and the short-dashed curve of figure 9 shows that our adjustment of γ i to fit the breakdown data for dirty surfaces results in much lower values than for clean surfaces at E/n < 10 kTd or Ar + energies below 5 eV. The dot-dashed curve labelled γ a of figure 11 shows calculated γ eff values when the yield for fast atoms equals the values shown by the solid curve labelled Ar in figure 2 . Again, all other secondary electron production is zero. Most of the increase in γ eff for fast atoms at high E/n compared to that for ions is caused by the large number of fast atoms produced in charge transfer collisions between Ar + ions and Ar atoms. As expected from the data of figures 1 and 2, fast Ar atoms are much more effective for dirty surfaces than for clean surfaces.
As pointed out previously, [53, 58, 145] , the ionization of Ar by fast Ar and by Ar + is an important electron production processes at very high E/n. This importance is shown in figure 11 by the double-dot-dashed curve labelled heavyparticle ionization. This curve gives the values of γ eff when ionization by Ar + and fast Ar were included, but other secondary electron production process were omitted. The resultant γ eff values for E/n near 10 kTd agree with the experimental values (see below) to within the large scatter in the data. The γ eff curve for ionization by ions only (not shown) is less than 20% of that shown for ionization by atoms and corresponds to that originally proposed by Townsend to explain breakdown [30] . In these heavy-particle ionization cases, we are particularly conscious that the γ eff has become a bookkeeping factor that is a measure of the voltage across the discharge. Because of the large contribution of heavyparticle ionization, it is difficult to determine electron yields for ions and fast atoms striking the cathode from breakdown data at very high E/n in Ar.
The contribution to γ eff for dirty surfaces of photons produced by excitation of the resonance state and the molecular continua are similar to those for clean surfaces. The main difference is that for dirty surfaces the resonancephoton contribution is large to higher E/n because of the lower values of γ i . The calculated values of γ eff obtained assuming that only metastable Ar atoms produce electrons at the cathode with a constant yield of 0.02 electrons per metastable are too small to show in figure 11 .
The relative contributions of the various processes at the cathode found using the breakdown and discharge maintenance parameters from the fitted curves of figures 4, 5 and 11 are indicated in figure 12 . These results show that ions and fast atoms are the dominant source of electrons at the cathode at E/n above about 400 Td. Resonance photons produce most of the electrons needed for breakdown for E/n between 40 Td and 1000 Td. At lower E/n the nonresonant photons emitted by excited Ar 2 formed from resonance atoms, i.e. continuum II, are dominant.
It should be noted that because of the importance of secondary electron production by resonance photons at low E/n, with their effective lifetime [28] varying as d 1/2 , the conventional scaling [32] of the breakdown or low-current discharge voltage (or E/n) with pd no longer applies. The pd (Paschen) scaling is also lost because of the n 2 dependent terms in the excited state destruction. In order to test the scaling of γ eff with electrode separation d for a fixed E/n, we repeated the calculations for the conditions of the dashed curves of figures 5 and 11, except that the distance was 4 cm instead of 1 cm. We find that the new γ eff are barely distinguishable from those shown. Effects of the change are more noticeable for the fractional contributions to the secondary electron production, where there is a shift toward higher E/n of the transition from dominance by resonance photons to dominance by continuum radiation. Presumably this is caused by a shift in the competition between resonance radiation decay and Ar 2 formation, with larger distances reducing the escape rate for resonance photons. While the departures from pd scaling are predicted to be small compared with the overall scatter in the experimental results shown in this paper, the effects of such departures in the scaling on γ eff may have been observed in the experiments of Golden and Fisher [109] .
Summary and discussion
In this paper we have compiled and analysed over 60 years of data concerned with cathode processes of importance in quasi-static, uniform-electric-field breakdown and in lowcurrent, steady-state discharges for Ar. We have successfully applied an updated model that describes the important surface and gas phase collision processes for the whole range of experimentally available data, i.e. E/n and pd values from 15 Td and 2000 Torr cm to 100 kTd and 0.06 Torr cm. While there are many details that require further work, the analysis delineates quantitatively the regions of importance of several long-debated processes responsible for secondary electron production by cathodedirected species, e.g., electron emission at the cathode induced by ions, fast atoms, metastables and photons versus electron impact ionization by ions and fast atoms.
Our review of electron yield data and our model of the role of various secondary electron production processes in Ar has shown that:
(1) The yields of electrons per ion, fast atom or photon at a metallic cathode of a discharge in Ar are highly dependent on the condition of the metal surface. Unless there are compelling reasons to the contrary, this means that any estimates of electron yield made by a modeller on the basis of the cathode preparation technique should be regarded as tentative and subject to adjustment. The data presented in this paper should allow the modellers to make informed initial estimates as to the electron yields at the cathode of Ar discharges. In particular, these data should dispel the commonly held assumption that the electron yield per Ar ion is independent of E/n and equal to the value found for flashed metals, e.g., that found by Hagstrum [68] for molybdenum or by Oechsner [73] for copper.
(2) For most metal surfaces cleaned by repeated sputtering and flashing and exposed to very pure Ar one should expect a yield per ion γ i of about 0.1 that increases slowly with E/n only at extremely high E/n. At E/n below about 100 Td our model indicates that photon-induced electron production at the cathode becomes dominant. Because the high electron yields per ion for clean surfaces also apply to Ar metastable atoms, transient current growth and decay experiments at intermediate E/n and long times show time constants characteristic of metastable diffusion.
(3) For dirty surfaces the measured yields per ion γ i at ion energies below 200 eV corresponding to E/n at the cathode below about 70 kTd can vary by orders of magnitude depending on the surface condition. The beam studies of γ i shown in figure 2 need to be extended to much lower ion energies, e.g., energies well below 2 eV, to be applicable to breakdown at moderate E/n. At ion energies above 300 eV, corresponding to E/n > 100 kTd, the yields are remarkably independent of the substrate and the nature of the gaseous contaminant, but are much larger than for clean surfaces.
(4) At E/n between 10 and 100 kTd our present model confirms the previous analysis [53] of breakdown in Ar that showed that ionization of the Ar gas by fast Ar atoms and by Ar + ions becomes the dominant source of electrons for both clean and dirty cathodes. Here the fast Ar atoms are formed by charge transfer in Ar + collisions with Ar. As yet there is no direct experimental evidence of the importance of secondary electron production by fast atoms from swarm or discharge experiments in Ar, although the closely related phenomena of Ar excitation by fast atoms and ions has been demonstrated experimentally and successfully modelled in recent years [5, 53, 63, 126, 141] .
An interesting rule-of-thumb brought out by the calculations of figure 11 is that heavy-particle ionization becomes the dominant source of secondary electrons for breakdown and low-current, steady-state discharges at E/n above about 7 kTd or, from figure 4, at voltages greater than 1000 V. Because of the rapid increase in spatial ionization coefficient for ions and fast atoms with E/n, we expect this transition voltage to decrease when the discharge current is increased enough to form the high-field region of the cathode fall. See appendix B.
(5) A critical need is for better independent experimental means of determining the electron yield from surfaces under conditions approximating those in the discharges to be modelled.
(6) The cross sections for collisions of electrons and ions with the more common gases are relatively well known and techniques for calculating the electron and ion behaviour in the uniform electric fields of swarm experiments are well established. In the case of electrons in Ar there is good agreement between well tested experiments and models. Therefore modellers should be extremely cautious about changing these electron-gas parameters on the basis of model results for complicated discharges, e.g., discharges involving space charge electric fields and externally applied dc or radiofrequency fields.
(7) It is obvious from the comparison of γ eff from the model and from swarm experiments at E/n below 1000 Td in figure 5 that one must use surprisingly low photon yields in order to fit some of the data for dirty surfaces. Such low values appear to be inconsistent with measurements made in vacuum. It should be kept in mind that our model essentially assumes that at very low E/n and Ar high pressures all of the excitation of Ar by electrons appears as nonresonance photons. We have not found measurements of vuv emission efficiency for high-pressure Ar by other techniques that test this assumption.
(8) The very limited data available [88] for low energy Ar + ions incident on surfaces cleaned by sputtering in the presence of Ar indicates that high-dosage sputtering of Cu and Au without high temperature flashing results in significant decreases the γ i values. We suggest that sputtering may cause similar reductions in the photoelectric yield.
(9) The present modelling work should be extended to include greater detail as to the role of excited states of Ar, to more accurate models [5, 126, 141] of the fast ion and fast atom fluxes in Ar, to the differential voltage-current behaviour of low current discharges in Ar, to the time dependent growth of current in Ar discharges and to the analyses of discharges in other gases. An analysis of ionand photon-induced electron emission in low-current H 2 discharges has evaluated the contributions of H + , H + 2 , H + 3 and vuv photons [146] . (10) Although the model applied to the analysis of uniform-field data in this paper is applicable only for low enough discharge current densities so that one can neglect space distortion of the electric field, the same secondary electron production processes will occur at the higher current densities of cold-cathode discharges characterized as the normal and abnormal cathode fall [32, 61] . For example, values of γ eff for Ar discharges at moderate current densities have been inferred by comparison of models with voltage-current measurements in the abnormal glow mode [10] . Most models of glow discharges [1-3, 5, 7, 8, 15, 23] use estimates of the γ values that are significantly larger than found in this paper.
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Appendix A. Electron backscattering and onset of ionization
In this appendix we review the treatment of electron nonequilibrium in Ar near the cathode through the use of boundary conditions in local-field fluid models [2, 7, 8, 32, 90] . Based on experimental observations of drift-tube currents versus E/n and pd, the corrections are conventionally divided into two parts. One part is the backscattering to the cathode of electrons emitted from the surface. A second part is the delay in reaching the steady-state rates of electron excitation and ionization as determined from either the spatial dependence of emission or the pd dependence of the current. While these processes are accounted for without special effort in Monte Carlo treatments of electrons leaving absorbing cathodes, they must be taken into account separately in 'local field' or 'equilibrium' fluid models utilizing steady-state electron ionization and transport coefficients.
In the case of electron backscattering to the cathode, we summarize available experimental data and models for Ar. Figure A1 shows the results of measurements [95, 100, 122, 147, 148] and models [31, 100, 149, 150] for the fraction of electrons escaping the cathode versus E/n for Ar. The measured escape fractions f es shown decrease monotonically with increasing electron injection energy. Some theories [149, 151, 152] find a minimum in the escape probability as the initial electron energy is increased. •, 0.6 eV, [122] ; , 0.9 eV, [100] ; , 1.4 eV, [147] ; , 3? eV, [95] ; and ×, 1 eV, [148] . The solid, long-dashed and dot-dashed curves give the theoretical predictions of the modes of Thomson and Loeb [31] , Felsch and Pech [100] and Nagorny and Drallos [150] , respectively. Each of these models is evaluated for an average electron injection energy of 0.6 eV. The short-dashed curve shows our empirical fit to experiment for an average electron injection energy of 0.6 eV.
The Thomson model for electron escape as modified by Loeb [31] can be written as
where v is the mean velocity of the injected electrons and W e is the electron drift velocity [19] at the E/n near the cathode. The results of such a calculation, shown by the solid curve of figure A1 , are well below the experimental data. Recent theoretical results by Nagorny and Drallos [150] for E/n from 10 to 1100 Td (dot-dash curve) are barely distinguishable from the empirical fit given next. It should be noted that the Thomson-Loeb model works well for many molecular gases [31, 137] . The short-dash curve of figure A1 shows a fit to experiment of an empirical expression for the escape fraction given by
where the E/n value is in Td and es is the energy of the electrons ejected from the surface in eV. The exponent 2 in equation (A2) should be reduced to about 1 for es = 1 eV. In our models we used es = 0.6 eV. The long-dash curve shows that the empirical fit by Felsch and Pech [100] varies too rapidly with E/n at the lower E/n. Experiments [153, 154] and Monte Carlo calculations [149, 151, 152, [154] [155] [156] show that results such as plotted in figure A1 and represented by equation (A2) are independent of electrode separation [122] only for a limited range of pd. At low pd, f es decreases as backscattering sets in [95] . Secondary electron production causes a growth of current at high pd [95, 98, 13] .
The escape fraction data of figure A1 are used in the analysis of the γ i data of figure 3 and of the γ eff data of figure 5 . At E/n from 100 to 1000 Td, the escape fraction is close to unity and the energy of the electrons emitted from the cathode is not important. At the low E/n, where photoelectric emission dominates secondary electron production, uncertainties in the energy of the injected electrons and the escape fraction caused by unknown surface conditions may reach 30%, but cannot account for the low and variable photoelectric yields derived from breakdown experiments.
Measurements of the delay in the onset of the steadystate ionization have been reported for Ar by Druyvesteyn and Penning [32] and by Kruithof [88] . An empirical fit to the former data expressed as the effective value of the electrode potential difference V 0 required before the current begins to grow exponentially with distance is given by
where V 0 is in V and E/n is in Td. Monte Carlo techniques have been used to model the initial nonequilibrium for electrons in Ar [157] . The application of the singlebeam, energy-balance model of the nonequilibrium motion of electrons [53, 158] gives similar values of V 0 at low E/n, but much larger values at high E/n. The addition of this correction to the equations of the metastable and resonance atom models of this paper at very high E/n makes the algebra extremely complicated. Because the effects of this correction on breakdown pd values at intermediate and low E/n are smaller than the spread in the experimental data, the correction is omitted throughout the present calculations.
Appendix B. Coefficients for modelling Ar discharges
In this appendix we assemble what we believe are the best available analytical expressions for cross sections, rate coefficients and electron yields for modelling electron, ion, fast atom and photon behaviour in Ar under conditions appropriate to electrical breakdown and to low-and moderate-current density discharges. The data are given in some detail because of their use in the models of this and a number of other papers [27, 53, 54, 90, 126] and their potential for use in future research. Analytical formulations of model parameters often result in a considerable reduction of computer time. In this section the α x /n values are in m 2 , Q x values are in 10 −20 m 2 , the particle energies x and kT x are in eV and the E/n are in Td unless otherwise noted.
B.1. Electron collisions with Ar
The empirical electron ionization coefficient expression used in this paper has been modified from that of [90] so as to be in better agreement with the experimental values [88, 107, 144] at very low E/n. At high E/n the expression is adjusted to be consistent with the results of Jelenak et al [159] , Božin et al [160] , unpublished calculations of Nanbu and Konoko
[23] and unpublished experimental results from our group, rather than the higher experimental values of Kruithof [88] . An empirical fit is This and other fits in this paper are not linear least-squares fits, but are visual fits to data that are generally good to better than 10% at all E/n for which data exist. We have adjusted equation (B1) for an even closer fit to experiment [88] at E/n from 100 to 1000 Td, where exp(α ei d) is largest and has the greatest effect on the computed γ i . Note that our expression is consistent with that proposed many years ago by Ward [161] for 100 < E/n < 1000 Td, but differs significantly at higher E/n. On the basis of the calculations of Puech and Torchin [17] we conclude that the contribution of associative ionization to α ei is less than about 10% at E/n 20 Td and neglect its role in our model. The coefficients for electron excitation of Ar to the metastable state are the sum of the calculated excitation coefficients to the two metastable levels from Puech and Torchin [17] . These values are about twice those measured by Tachibana [16] . We have adopted the theoretical values because of the overall consistency of the calculated data with swarm experiments [17, 19] . A fit to the spatial metastableexcitation coefficient data is
The coefficients for electron excitation of Ar to the resonance state are also based on calculations of the total rate of excitation of the two lowest radiating states of Ar by Puech and Torchin [17] . The empirical fit to the spatial resonance-state excitation coefficient data is
An empirical fit to the mean energy of electrons in Ar from our solutions of the Boltzmann equation [25] is
Note that for 20 < E/n < 100 Td the sum of the excitation coefficients for the resonance and metastable states times their respective excitation thresholds in eV is numerically within 20% of the value of E/n, as expected if all of the electron energy is used for excitation of the Ar. This agreement extends to higher E/n =10 kTd when the ionization coefficient times the sum of the ionization potential and the electron mean energy is added to the energy input to excitation.
The 'single-beam' models of electron motion in Ar of [53] and [54] utilize the elastic momentum transfer cross section Q mel , the total excitation cross section Q ex and the ionization cross section Q ion . Also, one uses the effective R37 momentum transfer cross section Q meff , where Q meff = Q mel + Q ex + Q ion in two-term solutions to the electron Boltzmann code for Ar [3, 18, 19, 21, 22, 53] .
The cross section for elastic momentum transfer collisions of electrons with Ar Q mel has been presented graphically in several recent papers [3, [17] [18] [19] 
where W + is in m s −1 .
B.3. Ion-and atom-induced electron yields for clean metals
For clean surfaces we will approximate the electron yield per ion γ c i by the solid curve in figure 1 . This curve is given by 1.2 exp(−500/kT + ), replacing i by kT + elsewhere and by modifying slightly the high-energy behaviour. In all cases examined, we find that this procedure provides a useful first guess as to the function fitting the average over the Maxwellian.
The approximation to the yield of electrons per fast atom γ c a for clean, annealed electrodes is shown by the dashed curve in figure 1 . For atom energies above the apparent threshold at 500 eV this curve is described by where the yield is zero for a below 500. As discussed in section 5, we assume that the energy distribution of the fast Ar atoms is the same as that for the Ar + ions. When this yield is averaged over the Maxwellian energy distribution the result is 
where the contribution to the second term is zero for i below 300. An even better approximation would have the constant term decrease to as low as 0.01 with an increase in sputtering. Unfortunately, the dependence of this decrease on ion energy and the initial surface condition is unknown. These results have been obtained when the ion and electron mean free paths are large compared to the expected surface roughness. The effects of surface roughness on the 'effective secondary emission coefficient' have been examined when the ion mean free path is small compared to the scale of the roughness [162] . For fast Ar atoms we suggest only the second term of equation (B14).
B.4. Ion-and atom-induced electron yields for dirty metals
For dirty surfaces our approximation to the electron yield per fast Ar + ion γ 
where the second term is zero for ion energies i below 80 eV. As pointed out above, the continued decrease in γ i with decreasing ion energy at energies below those shown in figure 2 is important for our fit to the γ eff data of figure 5. In the energy range from 10 to 500 eV, these γ i values are similar to those adopted by Neu [61] . (B17) is basically a shift of the first term to lower energies and lower magnitude so as to represent the structure found by Amme [50] . In the energy range from 10 to 500 eV, these γ a values are similar to those adopted by Neu [61] .
When averaged over the one-dimensional Maxwellian velocity distribution of the fast Ar atoms the yield is γ 
B.5. Fast ion-atom reaction coefficients
The empirical approximation for symmetric charge transfer cross section as obtained by averaging the cross section from This cross section results from a more detailed analysis of viscosity and beam experiments than that of [27] . It is in good agreement with that used in a recent model of sputtering experiments [6] . The corresponding approximation for the spatial loss coefficient for fast Ar atoms as the result of elastic viscosity collisions is obtained by replacing rel by kT + /2, i.e. assuming that the atoms have the same energy as the ions from which they were formed. We then transform from a kT + scale to an E/n scale using the high-energy limit of equation (B8) 
B.7. Thermal reaction and transport coefficients
The collisional rate coefficients for Ar at 300 K defined in [123] and used here are: nD a = 1. 
B.8. Photon collection at the cathode
We have calculated numerically the fraction of isotropically emitted photons that reach the cathode assuming that the photons are produced with a distribution that is radially uniform but varies as exp(α ei z) in the cylindrical volume of height d and radius r between the electrodes. We assume that the photons are not absorbed or scattered by the gas. The results can be approximated by f geom = 0. The f geom factor has not been explicitly shown in the formulas given in this paper, but approximations to it have been applied to the calculations of the contributions of nonresonant photons to the breakdown condition and to the current growth equations.
